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PV	technology Tref	(oC) ηTref	(%) βref	(C−1) References
Mono-cSi 25 16–24 0.0041 [17]
Poly-cSi 25 14–18 0.004 [18]
a-Si 25 4–10 0.011 [18]
CIS 25 7–12 0.0048 [19]
CdTe 25 10–11 0.00035 [19]
Virtuani	et	al.	measured	and	compared	the	relative	temperature	coefficient	of	power	(γrel)	for	different	technologies	(a-Si	based	single	or	multi-junctions,	CdTe,	CIS,	thin-film	silicon).	They	found	that,	except	for	the	thin	film	Si	device	(γrel = −0.48%/°C),	compared	to














where	α	 is	 the	Seebeck	 coefficient,	σ	 is	 electrical	 conductivity,	 is	 thermal	 and	 T	 is	 temperature.	 As	 shown	 in	 Eq.	 (2),	 ZT	 relates	 three	 physical	 properties	 intrinsic	 to	 the	material:	 the	 electrical	 resistivity,	σ,	 the	 thermopower	 or	 Seebeck	 coefficient,	 α,	 and	 the
thermal	conductivity,	κ.	The	traditional	way	to	improve	ZT	is	to	modify	the	crystalline	structure	of	the	material.	It	can	decrease	the	thermal	conductivity	by	alloying	and/or	inserting	foreign	species	to	gain	good	electricity	property.	Another	way	is	to	design	novel	materials	with






































directed	to	the	solar	TEG	is	only	a	small	portion	of	 the	total	solar	spectrum	thus,	 it	could	be	neglected	[28].	Furthermore,	Fleurial	JP	stated	that	highly	concentrated	PV-TE	systems	using	the	spectrum	splitting	technology	can	maximize	conversion	efficiency	and	improve	the	overall	 thermal
management	[40].
Ju	et	al.	studied	the	influence	of	concentration	ratio	and	cooling	condition	on	hybrid	PV-TE	systems.	The	authors	studied	a	GaAs
CoSb3	 hybrid	PV-TE	 system	and	 the	 relationships	 between	 cut-off	wavelength,	 concentration	 ratio	 and	heat	 sink	 performance	were	 discovered.	Subsequently,	 guidelines	 to	 follow	when	designing	 and	optimizing	 a	PV-TE	hybrid	 system	were	 presented.	 The	 results	 showed	 that	 the	band
gaps	of	the	solar	cells	mainly	determined	the	optimized	cut-off	wavelength	of	the	whole	system.	It	was	discovered	that	the	hybrid	system	showed	a	good	electrical	performance	and	operated	in	low	temperature	range	when	the	solar	concentration	ratio	was	ranged	between	550	and	770	and	the
heat	transfer	coefficient	h	was	between	3000	and	4500 W/m2K.	Furthermore,	the	TEG	subsystem	contributed	about	10%	of	the	total	output	power	of	the	GaAs

















Publication	year Affiliation	Country PV	type TE	type PV-TE	Efficiency References
2018 Denmark c-Si,	a-Si,	CIGS	and	CdTe N/A ∼34% [29]
2017 Italy a-Si	(Amorphous	silicon) N/A ∼10% [30]
2017 Italy Cu2ZnSnS4	(CZTS) N/A ∼11.25% [30]
2017 India N/A N/A N/A [31]
2016 Denmark Microcrystalline	silicon	(mc-Si) N/A 20.20% [32]
2016 Denmark a-Si	(Amorphous	silicon) N/A 19.40% [32]
2015 Qatar Monocrystalline	PV	cell Bi2Te3	(HZ-2) N/A [6]
2014 UK/China N/A N/A 34% [33]
2012 China/Australia Si N	(Uxuan	Inc.)	(c-Si) N/A 15.30% [34]
2012 China/Australia SSRC-C50	(c-Si) N/A 16.80% [34]
2012 China/Australia Heterostructure	solar	cell N/A 17.97% [34]
2012 China/France GaAs CoSb3 27.49% [35]


































Module PPV	(mW) PHGS	(mW) Increase	rate	(%) Reference
STC/TEG 189 393 107.9 [5]
PV/TEG – – 14.7 [55]
DSC/TEG 9.39 13.8 46.8 [57]
DSC/TEG 39.72 44.26 23 [60]
Furthermore,	results	obtained	by	Van	Sark	showed	that	the	annual	performance	of	the	system	considered,	for	the	given	condition	increased	by	14.7%	and	11%,	for	Malaga	and	Utrecht,	respectively.	In	addition,	the	PV	efficiency	at	1000 W/m2	was	10.78%	for	the	given	condition.	Also,
under	simulation	conditions,	the	TE	efficiency	was	3.20%.	The	research	also	included	the	impact	of	high	ZT	value	on	efficiency	and	it	was	found	that	for	ZT	value	of	about	3,	efficiency	could	be	increased	up	to	50%	[55].






as	 the	 thicker	 the	 layer	 is,	 the	more	efficient	 the	TEG	becomes.	 In	addition,	 the	 result	 showed	 that	 the	 increase	of	 the	TE's	efficiency	 is	 larger	 than	 the	amount	of	 the	PV's	efficiency	decrease	 therefore,	 the	overall	efficiency	 is	 increased.	However,	 there	 is	a	balance	between	 the	system
temperature	and	the	thickness	of	the	layer	because	high	temperature	causes	high	thermal	stress,	which	decreases	the	operational	life	and	reliability	of	system	[62].












Publication	year Affiliation	Country PV	type TE	type PV-TE	Efficiency References
2018 Iran c-Si TEC1-12706 ∼8.25% [41]
2018 Denmark c-Si,	a-Si,	CIGS	and	CdTe N/A ∼34.2% [29]
2018 China N/A N/A 16.70% [42]
2018 China/UK c-Si N/A 11.04% [43]
2018 China/UK GaAs N/A 22.94% [43]
2017 China CIGS N/A 21.60% [44]
2017 China Thin	film	silicon N/A 13.10% [44]
2017 China a-Si	(Amorphous	silicon) N/A 9.10% [45]
2017 China Polymer N/A 8.80% [45]
2017 Iran/China/UK c-Si TEC-1206 ∼15.5 [46]
2017 China GaInP2/GaAs/Ge Bi2Te3 N/A [47]
2017 Italy a-Si N/A ∼11% [30]
2017 Italy Cu2ZnSnS4	(CZTS) N/A ∼12.25% [30]
2017 China GaAs Bi2Te3	(TEC1-03103) 19.10% [48]
2016 India Siemens	SP75 N/A 5.80% [49]
2016 China GaAs N/A 18.51% [50]
2016 Denmark Silicon	(Si)	solar	cell Bi2Te3 ∼16.6% [51]
2016 India MAX60	solar	cell Be2Te3 N/A [52]
4	Optimization	and	development	of	PV-TE





















Multi-junction N/A N/A 4 N/A Concentrator,	Solar
Tracking	System

















Dye-sensitized	(DSSC) N/A N/A N/A N/A Solar	Selective
Absorber	(SSA)
100 mW/cm2 N/A N/A Experimental 12.80% 12.8 mW/cm2 [57] The	use	of	SSA	increased	the
overall	efficiency	of	the	hybrid
system	to	13.8%.
Multi-crystalline	silicon Bi2Te3 58 °C 0.004 Air	cooled
heat	sink
N/A 1000 W/m2 300 K N/A Idealized
model
23% ∼130 W/m2 [55] Annual	energy	increase	of	about
14.7%	and	11%	was	observed	for
Malaga	and	Utrecht	respectively.



















27.49% 0.1905	W [35] Performance	values	of	the	hybrid
system	shown	were	in	the
optimized	range.
Amorphous	silicon	thin-film N/A 27 K N/A Water	cooled
aluminium	fin
heat	sink














100 mW/cm2 N/A N/A Experimental N/A 11.29 mW/cm2 [66] Output	power	of	hybrid	system
increased	by	46.6%	compared	to
single	PV	system.















Dye-sensitized	(DSSC) N/A 6 K N/A N/A N/A N/A N/A N/A Equivalent
circuit
method













N/A N/A 16 Theoretical
model








N/A N/A 12 Theoretical
model
̴	14% N/A [70] Hybrid	system	efficiency	higher
than	PV	efficiency	( ̴̴11%).




N/A N/A 5 Theoretical
model








N/A N/A 30 Theoretical
model
̴	23.5% N/A [70] Hybrid	system	efficiency	higher
than	PV	efficiency	( ̴̴21.5%).










Bi2Te3 4.5 K 1 N/A Conc.	Light 100 mW/cm2 N/A 20 Experimental
and
Simulation














10.20% 163 mW [73] Power	output	can	be	increased
when	PV-TE	is	operated	in
vacuum.
N/A Bi2Te3 N/A 0.002 Nanofluid Glass	cover
(Glazed)
1000 W/m2 298 K	(ambient) 2 Theoretical
model
∼0.095 ∼150 W [64] Nanofluid	increased	efficiency	by
0.48%.
N/A Bi2Te3 N/A 0.002 Nanofluid Unglazed 1000 W/m2 298 K	(ambient) 2 Theoretical
model








SSA,	Conc.	light N/A 300 K	(ambient) N/A 3-D
numerical
model






































N/A N/A N/A FTO/CdS 100 mW/cm2 N/A N/A Experimental 23.30% N/A [76] The	efficiency	value	obtained
(23.30%)	was	after	1 min
illumination.











20.10% N/A [77] Total	efficiency	reduced	with
increase	in	temperature	no	matter
the	value	of	ZT	used	(0.77	or	1.5).






20.5 N/A [77] No	optical	concentration	was
used.









































Poly-crystalline Bi2Te3 30 N/A Heat	sink Micro-channel	heat
pipe	(MCHP)
1000 W/m2 25 °C	(ambient) N/A Numerical
model




Monocrystalline	silicon	(m-Si) Bi2Te3 5.9 °C 2.4 Water	cooled
aluminium
heat	sink









Polycrystalline	silicon	(p-Si) Bi2Te3 5.6 °C 2.4 Water	cooled
aluminium
heat	sink








Amorphous	silicon	(a-Si) Bi2Te3 3.4 °C 2.4 Water	cooled
aluminium








Single	junction	GaAs Bi2Te3 41 °C N/A Aluminium
heat	sink
with	a	fan
Fresnel	lens 1000 W/m2 N/A 50
suns







Ge):	 900 < X ≤ 1300;	 where	 X	 is	 Temperature	 in	 Kelvin	 [83].	 Hybrid	 system	 efficiency	 can	 be	 improved	 by	 utilizing	 higher	 ZT	 materials.	 However,	 the	 efficiency	 would	 remain	 poor	 if	 the	 thermal	 loss	 is	 still	 high	 even	 if	 higher	 ZT	 materials	 are	 used	 [83].
Improvements	 in	material	ZT	values	by	a	factor	of	2 at	 least	 is	required	to	enhance	the	wide	use	of	TE	technology	on	a	 large	commercial	scale	[40].	This	suggestion	 is	 in	agreement	with	 [66]	and	research	to	develop	higher	ZT	materials	 is	still	on-going.	Beeri	et	al.




































































































PV	and	TE	materials	 improvement	would	play	a	critical	 role	 in	 the	 future,	however	 the	current	challenge	 is	 that,	efficiency	 increase	by	a	 large	margin	cannot	be	accomplished	 in	a	short	 time.	Therefore,	 for	actual	application,	 the	current	 realizable	efficient
improvement	based	on	existing	PV	and	TE	modules	is	significant.	There	are	two	methods	to	overcome	this	challenge:	one	is	to	increase	the	system	efficiency,	and	the	other	is	to	improve	the	cost	performance.
5.1	Enhancing	the	system	efficiency
The	key	to	enhancing	the	system	performance	 is	 to	couple	PV	and	TE	in	a	way	that	ensures	optimum	total	conversion	efficiency.	There	has	been	some	different	results	 that	 indicated	that	 the	performance	of	 the	coupled	system	was	worse	than	that	of	 the
photovoltaic	system	alone	[39,96].	Bjørk	et	al.	investigated	the	hybrid	system	with	four	different	types	of	PV	cells	and	a	universal	bismuth	telluride	TE	module	theoretically.	For	c-Si,	CIGS	and	CdTe	(Cadmium	telluride)	PV	cells,	the	hybrid	system	had	a	worse	performance
compared	to	the	pure	PV	system.	In	addition,	the	output	power	of	the	coupled	system	only	increased	slightly	when	the	a-Si	PV	cell	was	used	[96].
Therefore,	thermal	resistance	needs	to	be	optimized	in	actual	working	conditions	(either	the	thermal	resistance	between	the	PV	and	ambient	environment,	or	the	thermal	resistance	between	the	PV	and	TEG,	or	the	thermal	resistance	between	the	TEG	and
ambient	environment)	so	as	to	overcome	the	low	PV-TE	efficiency.	Wu	et	al.	analysed	a	coupled	system	with	and	without	a	glass	cover.	The	authors	found	that	the	glazed	system	could	have	a	better	performance	than	the	unglazed	coupled	system	under	certain	conditions
[64].
Fig.	27	Proposed	Ćuk–Ćuk	MIC	[95].
alt-text:	Fig.	27
Fig.	28	Schematic	diagram	of	the	novel	photovoltaic-thermoelectric	system	[79].
alt-text:	Fig.	28
Zhang	et	al.	studied	the	impact	of	thermal	contact	resistance	(TCR)	and	found	that	when	a	small	TCR	was	used,	the	total	efficiency	of	the	hybrid	system	was	higher	than	that	of	the	PV	system	alone	however,	an	opposite	result	was	obtained	when	the	TCR	was
large	[70].
Yin	et	al.	studied	two	main	TCRs	which	were;	the	TCR	between	PV	cell	and	TE	generator	as	well	as	the	TCR	between	TE	generator	and	cooling	system.	The	results	obtained	showed	for	different	PV	cells	used,	the	impacts	of	the	TCR	on	the	hybrid	system	were
similar.	In	addition,	the	results	showed	that	a-Si	PV	cell	and	polymer	PV	cell	are	better	for	a	concentrated	hybrid	system.	Furthermore,	it	was	found	that	thermal	resistance	increase	can	significantly	improve	the	performance	of	a	hybrid	system	using	a-Si	PV	cell	or	polymer
PV	cell	[45].
In	addition,	many	researchers	have	studied	the	influence	of	cooling	system	on	hybrid	system	performance	and	found	that	a	good	cooling	system	can	increase	the	total	coupled	system	output	power	and	efficiency	[46,77].
5.2	Improve	the	cost	performance
It	is	clear	that	PV-TE	has	a	higher	price	than	PV	alone	and	it	has	been	mentioned	that	the	TE	has	a	limited	contribution	to	the	PV-TE	power	output	since	TE	has	a	low	electrical	efficiency.	Therefore,	the	additional	cost	of	TE	still	makes	the	overall	system	cost	high
even	though	the	PV	price	is	reducing	significantly.	Thus,	for	either	the	splitting	system	or	integrated	system,	the	system	looks	economically	unfeasible	due	to	the	significant	higher	cost	and	lower	output	power	of	the	TE	module	in	comparison	to	the	PV	module.	However,	Li
et	al.	developed	a	conceptual	design	of	a	novel	photovoltaic	thermoelectric	system	that	saved	a	lot	of	TEG	modules	used	by	employing	the	micro-channel	heat	pipe	(Fig.	29).	The	study	indicated	that	the	recovery	cost	of	the	extra	investment	of	TE	could	be	achieved	in	six
years	which	means	from	the	sixth	year,	the	new	PV-TE	system	would	be	more	cost	effective	compared	to	the	conventional	PV	system	[79].
6	Conclusion
PV-TE	is	a	solution	for	solar	energy	in	a	wide	spectrum,	because	it	can	take	full	advantage	of	the	different	power	generation	principles	of	PV	and	TE.	The	field	of	PV-TE	has	received	more	attention	by	researchers	recently	therefore	it	is	experiencing	continuous
improvements.	This	review	presented	the	feasibility	of	PV-TE,	common	types,	material,	optimization	and	development	of	PV-TEG	system,	challenge	and	efficient	improvement	in	actual	application.	The	decrease	in	cost	and	increase	of	conversion	efficiency	of	the	PV-TE
system	positions	it	to	potentially	play	a	great	part	in	contributing	to	the	global	efforts	for	energy	conservation	and	pollutant	reduction.	In	addition,	some	appropriate	future	research	directions	were	proposed	by	the	authors.	New	system	designs	with	high	quality	processing
technology	will	also	enhance	the	cost	effectiveness	of	PV-TE,	which	will	enable	it	gain	a	wide	scale	application	based	on	the	existing	materials.	In	particular,	a	novel	PV-TE	system	using	a	flat	plate	micro-channel	heat	pipe	has	shown	potential	to	help	reduce	the	quantity
of	TEG	used	significantly	and	thus,	reduce	the	overall	cost	of	the	system.	Also,	nanofluids	as	an	alternative	cooling	medium	as	produced	a	better	performance	in	comparison	with	water	thus,	it	could	be	considered	in	place	of	conventional	cooling.	This	review	as	also
shown	that	the	optimal	design	parameters	for	a	TEG	only	system	might	not	be	the	same	for	a	hybrid	PV-TE	system.	Furthermore,	nanostructure	is	gaining	more	attention	and	it	could	significantly	improve	the	efficiency	of	the	PV-TE	system.	Comprehensive	tables	showing
the	most	important	performance	parameters	of	different	PV-TE	systems	reported	in	literature	have	also	been	presented	in	this	review.	In	summary,	this	research	has	thoroughly	reviewed	the	current	state	of	art	in	photovoltaic-thermoelectric	hybrid	system	for	electricity
generation.
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Fig.	29	The	proposed	PV–PCM–TE	hybrid	system	diagram	[77].
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Cg:	Geometrical	concentration	ratio
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T:	Temperature	(T)
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TH:	Hot	side	temperature	(K)
Greek	symbols
:	Thermal	conductivity	(W/m	K)
α:	Seebeck	coefficient	(V/K)
σ:	Electrical	conductivity	(S/m)
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Abbreviations
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inch	(dpi)	and	a	proper	print	size.	For	example,	a	single	column	can	be	around	85	mm	wide,	and	then	the	raster	image	needs	to	be	around	900	pixels	wide	to	meet	this	criterion.	It	is	worthwhile	to	note	that	simply	upsampling	the	image
to	create	the	right	number	of	pixels	will	only	make	the	image	worse.	A	better	action,	most	likely,	is	to	export	the	original	image	from	the	software	program	in	which	it	was	put	together	as	an	EPS	or	PDF	vector	image,	or	else	to	export	to
TIFF	by	specifying	the	output	print	size	and	resolution	in	that	application,	according	to	these	guidelines.	You	may	refer	to	www.elsevier.com/locate/authorartwork	for	more	details
Answer:	Fig.	1	has	been	changed	to	the	best	quality	picture	we	can	obtain.	This	picture	was	obtained	from	the	cited	journal	paper	directly.	By	the	way,	please	note	that	Fig.	28	and	Fig.	29	have	been	interchanged.	This	is	the	correct
way	it	should	be.	
